Background and Aims Various alien species have been introduced to the Ogasawara Islands (Japan). A survey was made investigating whether the native pollination systems fit an 'island syndrome' (biasing the flora to dioecy, with subdued, inconspicuous flowers) and whether alien species have disrupted the native pollination network.
INTRODUCTION
Pollination disruption is a serious problem in biodiversity hotspots (Vamosi et al., 2006) . In addition, island ecosystems are vulnerable to invasion by alien species. Recently, disruption of pollination networks on several islands has been demonstrated (Kearns et al., 1998; Kato et al., 1999; Cox and Elmqvist, 2000; Hansen et al., 2002; Olesen et al., 2002) . Alien pollinators have disturbed pollination systems (Traveset and Richardson, 2006) through resource competition with native pollinators (Roubik, 1978; Buchmann, 1996; Paini and Roberts, 2005) and through the reduction of plant reproductive success (Vaughton, 1996; Gross and MacKay, 1998; Paton, 2000; Carmo and Franceschinelli, 2004) . Pollination biology at the community level has been studied in the following island groups: the Galapagos (McMullen, 1987 (McMullen, , 1993 , Juan Fernández (Bernardello et al., 2001) , Canary Islands (Dupont et al., 2003) and the Azorean Flores Islands and Mauritian Île aux Aigrettes . However, the pattern of disruption of the pollination network and its causes and effects on plant reproductive success are still poorly understood for many oceanic islands.
The ecosystems of oceanic islands can be very different from those of nearby continents, as a result of immigration history and the radiation of species on the islands. For example, loss of dispersability, increased dioecy, gigantism of body size and other changes as described below are common on oceanic islands (Carlquist, 1974; Brown and Lomolino, 1998; Whittaker, 1998) . The unique phenomena that occur on remote islands are collectively referred to as the 'island syndrome' (Whittaker, 1998) or 'island rule' (Brown and Lomolino, 1998) .
Flowers and pollinators can exhibit some characteristics of the island syndrome, such as being small, inconspicuous in colour and having an accessible flower shape, and opportunistic generalist pollinators or wind pollination are also observed (Godley, 1979; Olesen, 1985; Barrett, 1996; Bernardello et al., 2001; Olesen et al., 2002; Carpenter et al., 2003) . The main pollinators on oceanic islands are typically generalists such as solitary bees and flies, whereas butterflies and social bees are largely absent. A bias of floral sex expression toward dioecy and small inconspicuous flowers may be associated with the presence of opportunistic pollinators on islands (Bawa, 1982; Baker and Cox, 1984; Sakai et al., 1995a, b; Barrett, 1996) . Wind pollination may be associated with the less-diverse insect fauna than on the mainland (Janzen, 1973; Andrews, 1979; Spears, 1987) .
While generalist flowers and generalist insects comprise the majority in island biota, pollination networks often exhibit unique interactions because of high rates of endemism in island biotas. In addition, extreme flower characteristics have occasionally co-evolved with endemic specialist pollinators under a stable environment with an impoverished species composition on an island (Nilsson et al., 1985) . Specialist pollination on islands is also well known in New Zealand (Lloyd, 1985; Ecroyd, 1996) , New Caledonia and the Canary Islands (Dupont and Skov, 2004) . In island ecosystems, interactions of both endemic plants and endemic pollinators may play an important role in community structure, stability and diversity.
The Ogasawara Islands are a group of volcanic oceanic islands in Japan that contain highly endemic biota (Ono, 1998; Shimizu, 2003) . The honeybee was introduced to Chichi-jima Island for bee-keeping in 1880 (Funakoshi, 1990; Hara, 1996) . Although Kato et al. (1999) noted that introduced honeybees (Apis mellifera) may have a potentially great impact on the Ogasawara Islands, the native plant-pollinator interactions of these islands have not been well studied. Basic information on the native plant-pollinator interactions is needed to understand how biological invasions disturb the native pollination system on these islands. Thus, an investigation was made of the floral traits and pollinators of 269 native plant species in 80 families. In this paper, the pollination system of the native flora is described and an analysis is made of floral traits (sexual expression, flower colour and flower shape) in order to determine whether it fits an island syndrome. In addition, the impact of alien pollinators that disturb the native plant-pollinator relationships on these islands is discussed.
METHODS

Study site
The Ogasawara (Bonin) Islands are of relatively recent volcanic origin, and are located 1000 km south of the Japanese mainland between 27 44 0 N and 24 14 0 N, and near 140 12 0 E. The island group includes about 50 small islands (Fig. 1) . The Paleo Izu-Ogasawara Arc was formed on the Philippine Sea Plate 45 million years ago and the present Izu-Ogasawara Arc developed 15 million years ago (Taira, 1994) . The present Ogasawara Islands may have been present above sea-level for at least several million years (Kaizuka, 1977) . The largest island, Chichijima, is only 24Á0 km 2 in size, with its highest point 317 m above sea level; Haha-jima Island is next largest, with an area of 20Á8 km 2 and a maximum elevation of 453 m. People live on these two largest islands. The other islands are smaller than 8 km 2 and are uninhabited. These islands have a subtropical monsoon climate, with a long, dry summer and a mild winter. Average temperature is 23Á2 C and annual precipitation averages 1292 mm on Chichi-jima Island (Toyoda, 2003) . Because the annual precipitation is low, dry forest and shrubland dominate most of the islands, with the exception of the mountain range of Haha-jima Island, where only mesic cloud forest develops (Mueller-Dombois and Fosberg, 1998; Toyoda, 2003) . Under this subtropical climate and vegetation, the biota contains a high percentage of endemic and rare species (Shimizu, 2003) . To provide a better understanding of this biota, a census route was selected to cover all the main vegetation types and to observe rare species found in this small area (Table 1) .
Data collection
Floral traits were classified based on several features (see Table 2 ). Floral traits (flower size, colour, shape, habit, longevity, number of flowers per inflorescence and number of inflorescence per individual) and flower visitors were observed on Chichi-jima, Haha-jima, Anijima, Otouto-jima, Mukou-jima, Hira-shima, Muko-jima, Yome-jima, Nakoudo-jima, Minami-shima, Nishi-jima and Nishino-shima Islands. The field survey was conducted for 3-30 d per trip in March, July and November 2001; January, May, September and December 2002; March, April, August and October 2003; February, April, June and November 2004; and January, April, May, August and November 2005 . If flowers were found whilst following the census route of Table 1 , they were monitored for the presence of visitors for 10 min. After making this observation, a record was made of the flower colour, shape, number of flowers per inflorescence, flower size, flower habit and nectar volume in species for which these parameters had not already been recorded. Then, the insect visitors remaining on the flowers were collected and the intact inflorescences were marked in order to observe the flowering phenology every day so that flower longevity could be recorded. If no flower visitor was oberved over 10 min, the observation time was occasionally extended up to 30 min. This sampling method has been shown to be appropriate for detecting overall patterns in the pollinator community (Kato et al., 1993; Kato and Kawakita, 2004) . More than five individuals were recorded on 70Á2 % (73 out of 104) of the observed species.
Flower visitors were also observed using an unattended digital video camera (Sony DCR-TRV50, Tokyo, Japan) for 80 min per trial. The video camera offered the advantage of allowing observation of visits by birds, which avoid humans. The camera's zoom and distance from the plant were adjusted so that the infloresence filled the screen, thus facilitating identification of visitors. Flower visitors were classified into 12 taxonomic groups: honeybees; carpenter bees; solitary, endemic small bees; other hymenopterans; flies (dipterans); beetles; butterflies; birds; moths; ants; thrips; and other visitors (including bugs, grasshoppers, crickets, cockroaches, geckos, lizards and hermit crabs). Solitary, endemic small bees included eight species that were listed as endemic bees by Kato et al. (1999) ; the larger, and also endemic, carpenter bee Xylocopa ogasawarensis being recorded separately. Diurnal observations were performed between 0600 h and 1800 h. During these periods, observervations were made by watching about 10 inflorescences at a time, with a range of 1-30 inflorescences depending on the species traits and visitation frequency. When visitation rates were high, fewer inflorescences were observed in order to minimize counting errors. The digital video camera was also used to observe 1-3 inflorescences (usually one inflorescence) per trial, the low number being because of the camera's narrow view. To calculate the visitation frequency per flower, the number of inflorescences within the observation range and the number of flowers per inflorescences were recorded. When there were no or few visitors during the day, the flowers were also observed at night using the camera's 'night-shot' function, which could record at low-light conditions (Fig. 2N) .
The amount of nectar per flower was measured for 56 native species during daytime (1-26 flowers per species) using a microsyringe (Hamilton 7000Á5 KH, Reno, NV, USA) with 0Á1 mL resolution. This measurement was conducted during either one or two of the route censuses. Since the flowers used for measurement were open to visitors, the maximum value measured during the course of the trials was defined as the potential amount of nectar for the species. If I could not detect any more nectar during five absorption trials, then I judged all nectar was measured at that flower. The sugar concentration of the nectar was also measured using a pocket refractometer (Bellingham & Stanley Ltd., Kent, UK) . If the nectar volume of an individual flower was not enough to measure, additional nectar was collected from other flowers within same individual. 
Literature survey
For the species that did not produce flowers during the research visits to the islands, a literature survey was conducted. An analysis was made of 269 plant species (120 endemic and 149 indigenous) in terms of their flower characteristics. In this paper, 'endemic' means species found only on the Ogasawara Islands and 'indigenous' means native species that are also distributed in other regions. Toyoda (2003) was referred to for a list of flora and floral traits, and Satake et al. (1982 Satake et al. ( , 1989 , Hatsushima and Nakajima (1979) and Environmental Agency of Japan (2000) were examined for additional information on floral traits. In addition to the field observations of flower visitors, referrence was made to Kato (1992) , Tanaka (1993 Tanaka ( , 1994 Tanaka ( , 1995 , Abe et al. (1994) , Yokoyama and Iwatsuki (1997) and Goto and Washitani (2001) . The analysis of visitation frequency was based only original field data from the current study, but the data presented in the Appendix also include previous records from the literature.
Among the Compositae, the flowerhead was treated as the unit of visitation in terms of flower size and numbers of flowers and inflorescences (see classification presented in Table 2 ). The flower shape was considered to be a 'dish' in all Compositae. In the Graminaceae and Cyperaceae, the numbers of flowers and inflorescences were represented by the number of florets per panicle and the number of panicles per individual, respectively. In dioecious species, the size of the flower and the numbers of flowers and inflorescences were based on those of the male plant because the larger floral display of males was likely to associate with pollinator visitations. Flower colours were recorded for the most visually attractive parts within flowers (e.g. corolla, calyx, bracts). Flower size equalled the mean diameter of an individual flower. However, if the vertical length was longer than the diameter in tube-or funnel-shaped flowers, the flower size was represented by its vertical length on the assumption that pollinators are most likely to be attracted based on the maximum dimension. Where flowers could not be found for an individual species, the literature was referred to for flowering habit (54 of 269 native species).
Data analysis
Traits were analysed at the generic level as well as the species level, in order to partially correct for the fact that several congeneric species within the same lineage are not statistically independent of one another. To evaluate the association among the various traits, a test was made of the number of species and genera that possessed a given feature using a statistical expectation; the hypothesis was tested that there was no association among features. Features that were present in only a few species were combined for the purpose of significance tests (see Table 2 ). When features were combined, vine species were classified both to woody and to herb life forms according to Satake et al. (1982 Satake et al. ( , 1989 . The association among features was tested for different traits as a function of sex expression, flower shape and flower colour, which contain characteristics of the island syndrome (dioecy, accessible shape and subdued colour) and are recognized as important factors in plant-pollinator systems. Genera comprised of species with multiple features (31 genera) were omitted, and 161 genera were used for contingency analysis. Two-way contingency tables were analysed by G-test using the JMP 6 (SAS, Cary, NC, USA). Conservative rejection level was P = 0Á05/247 = 0Á0002 because 247 independent tests were possible for the combinations using 8 traits (sex expression, flower colour, flower shape, flower size, inflorescence size, flower habit, life form, and pollination type).
To standardize the data and facilitate comparisons, records of visitation frequency (both by direct observation and using the video camera) were transformed into the 
where, v is the number of flowers visited within an observed inflorescence, f is the average number of open flowers per inflorescence when observed, inf is the number of inflorescences observed, and t is the observation time (min.).
RESULTS
Floral composition
Among the 269 native species of flowering plants (80 families, 192 genera), 51 species (19Á0 %) and 31 genera (16Á1 %) were trees, 47 (17Á5 %) and 26 (13Á5 %) were shrubs, 106 (39Á4 %) and 72 (37Á5 %) were perennial herbs, 42 (15Á6 %) and 30 (15Á6 %) were annual herbs and 23 (8Á6 %) and 15 (7Á8 %) were vines. Insectpollinated species totalled 196 (72Á9 %), followed by 70 wind-pollinated species (25Á9 %), two vertebratepollinated species (0Á7 %) and one water-pollinated species (0Á4 %). Most of the wind-pollinated species (87Á1 %) were members of the Gramineae and Cyperaceae. Of the 269 species, 120 (44Á6 %) are endemic and 101 (37Á4 %) are designated as endangered by the Red Data Book (Environmental Agency of Japan , 2000), of which the families with the most number of species were the Orchidaceae (10 species), Compositae (7), Gramineae and Cyperaceae (6 each) and Rubiaceae (5). Most flowers bloomed under exposed (bright) conditions-on the crown surface of a tree or shrub for 48 species (30 genera) and on open ground for 184 species (126 genera). Flowering on the forest floor or the ground beneath other vegetation was less common (36 species and 24 genera), and included all Orchidaceae species (e.g. Fig. 2B , C).
The most common form of sex expression was hermaphroditic (201 species, 74Á7 %, and 144 genera, 75Á0 %), followed by dioecious (35 species, 13Á0 %, and 21 genera, 10Á9 %) and monoecious (19 species, 7Á1 %, and 14 genera, 7Á3 %). The dominant flower colour was white (97 species, 36Á0 %, and 67 genera, 34Á9 %), followed by green (58 species, 21Á6 %, and 34 genera, 17Á7 %) and yellow (37 species, 13Á8 %, and 25 genera, 13Á0 %). The most common flower shape was a dish (113 species, 42Á0 %, and 78 genera, 40Á6 %), followed by 'inconspicuous' (with no optical petal or attraction; 79 species, 29Á4 %, and 51 genera, 26Á6 %). Flower size (as defined in Table 2 ) was dominated by very small (106 species, 39Á4 %, and 70 genera, 36Á5 %), followed by small, medium and large (S, M, L) with a gradually decreasing number of species and genera. Thus, the majority of the flora was composed of small flowers with subdued colour and accessible shape. Flower longevity was recorded for 64 species, of which 24 species (37Á5 %) were classified as medium (M in 
Flower color Bl, blue; Bk, black; Br, brown; G, green; P, pink; R, red; V, violet; W, white; Y, yellow*; calyx, stamen, stigma, bract, inflorescence; no mark, corolla
Flower size Vs, very small (<5 mm in diameter); S, small (5-10 mm); M, medium
Flowers/inflorescence 1, 1-10; 10, 11-100; 100, 101-1000; 1000, more than 1001 1 (1); 10 (10); 100 (100 + 1000) 12
Inflorescences/plant 1, 1-10; 10, 11-100; 100, 101-1000; 1000, 1001-10000; 10000, more than 10001 13 Pollination A, anemophily; H, hydrophily; I, insect; V, vertebrate; *, specialist A (abiotic; A + H); B (biotic; I + V) 14
Observed visitors Hb, honeybees; Xb, Xylocopa bees; Eb, endemic small bees; Be, other bees; F, flies; Bt, beetles; Bu, butterflies; Bi, birds; M, moths; A, ants; T, thrips; -, observed but no visitors; ( ), night
followed by short (S, 20 species, 31Á3 %). The greatest longevity was 19Á6 d (N = 22), for the flower of Calanthe hattorii (Orchidaceae).
Association among traits
Sex expression was significantly associated with life form at both species and genera level, but was not associated with other traits (Table 3) . Dioecy was 2Á3-fold (in species; 2Á4-fold in genera) more frequent than the expectation value in woody life forms, 1Á8-(2Á2-) fold in small flowers and 2Á7-(2Á7-) fold for a habitat at the canopy surface. The association between dioecy and small flowers and accessible flower shape was not significant based on the conservative rejection level (Table 3) .
Flower shape was associated with pollination, flower colour, flower size and habit (Table 4) . Dish-shaped flowers were 1Á3-(species; 1Á2 genera) fold more frequent than expectation in a woody life form, 1Á3-(1Á3-) fold in biotic pollination, 1Á5-(1Á3-) fold in small flowers and 1Á4-(1Á4-) fold in white flowers found at the crown surface (1Á6-fold and 1Á5-fold for species and genera, respectively). On the other hand, tube-shapes flowers were characterized by large (1Á8-and 1Á4-fold) and vividly coloured flowers (2Á0-and 1Á5-fold) found in the understorey (1Á6-and 1Á8-fold). Similarly, zygomorphic flowers were characterized by being large (2Á4-and 2Á2-fold) with biotic pollination (1Á4-and 1Á3-fold) found in the forest understorey or other shaded habitats (3Á7-and 4Á0-fold).
Flower colour was associated with pollination, life form, flower shape and flower size (Table 5) . A subdued colour was characterized by abiotic pollination (2Á6 and 2Á8-fold), a herbaceous life form (1Á3-and 1Á3-fold), and very small (2Á0-and 1Á9-fold) and inconspicuous flowers (2Á5-and 2Á4-fold). White flowers were 1Á6-(1Á6-) fold more frequent in a woody life form and for growth at both the canopy surface (1Á7-and 1Á5-fold) and in the forest understorey (1Á3-and 1Á4-fold).
Biotic pollination and niche
Among the Ogasawara flora, 198 species (73Á6 %) were pollinated by animals, and these plant species included a range of floral shapes, colour, sex expression and life forms. The visitation rate was observed in the field survey for 103 native plant species and flower visitors were found on 92 of them (89Á3 %). Based on the field data and the results of the literature search, 99 of the native plants either received or have been reported as receiving visits from pollinators, including honeybees (68 species), flies (54), ants (46), endemic small bees (30), other bees (26), thrips (21), moths (19), carpenter bees (12), beetles (11), butterflies (8), birds (7), bugs (5), bats (3), geckos (3), cockroaches (3), lizards (2), grasshoppers (2), mayflies (1), grasshoppers (1), spiders (1), crickets (1) and hermit crabs (1). The observed frequencies showed that the primary flower visitors on the two main Ogasawara Islands were the introduced honeybee (Apis mellifera; Fig. 2Q ), an endemic carpenter bee (Xylocopa ogasawarensis; Fig. 2M ) and moths (Fig. 2N) ; on the satellite islands there were several solitary endemic bees, an endemic carpenter bee, flies ( Fig. 2O, P) and moths. In the field observations, the above-mentioned endemic small bees were observed on the flowers of 66Á7 % (28 of 42) of the species on the satellite islands, despite the shorter observation times (102 h 40 min) spent than on the two main islands (271 h 50 min). Among the satellite islands, Nishino-shima Island had no bee species, most likely because the island has only emerged from the sea recently (Abe, 2006) . However, endemic small bees visited flowers frequently on the other satellite islands. In addition, flies, ants and other bees increased the visitor diversity; thus, the native pollination network remained largely intact on the satellite islands (Fig. 3) . Among the eight species of endemic small bee, Ceratina boninensis (Anthophoridae), and Hylaeus ikedai and H. incomitatus (both Colletidae), were dominant, with less frequent visits by Heriades fulvohispidus and Megachile asahinai (both Megachilidae), Hylaeus boninensis and H. yasumatsui (both Colletidae) and Lithurge ogasawarensis (Megachilidae).
Alien pollinators such as honeybees, wasps (Delta pyriforme), swallowtail butterflies (Papilio xuthus) and Japanese white-eye (Zosterops japonica) were frequently observed on Chichi-jima and Haha-jima Islands. Introduced honeybees were observed visiting 56Á7 % (51 out of 90) of the native species on the two main islands, and were also observed on several satellite islands (Ani-jima, Otouto-jima and Minami-shima). Honeybees even visited wind-pollinated species such as Scirpus ternatanus (Cyperaceae) and Trema orientalis (Ulmaceae), although it is unknown how much they contribute to their reproductive success. An endemic carpenter bee, X. ogasawarensis, was the largest of the endemic bees, and visited Alpinia bilamellata, A. boninensis ( Fig. 2A) , Calophyllum inophyllum, Clematis terniflora var. boninensis, Hedyotis grayi, Hibiscus glaber, Ipomoea pes-caprae, Lobelia boninensis (Fig. 2 M) , Melastoma tetramerum, M. tetramerum var. pentapetalum, Metrosideros boninensis, Scaevola frutescens and Schima mertensiana. These Table 1 ). Visitation rate is the number of flowers visited per day averaged across all species.
flowers are medium-to-large in size, secrete nectar deep at the bottom of the flower and their apertures are sufficient to allow access to the carpenter bees. In addition, some of these plants flower in the understorey (shaded) habitats. Among these, L. boninensis, A. boninensis and A. bilamellata have zygomorphic flowers with sticky stigmata and anthers above, and this configuration ensures contact with back of X. ogasawarensis foraging for nectar at the bottom of flowers. Pollination of these flowers by carpenter bees seems to represent a unique niche in the Ogasawara Islands. Bird visitation was observed in Calophyllum inophyllum, Freycinetia boninensis, Metrosideros boninensis, Morinda citrifolia, Rhaphiolepis umbellata, Satakentia liukiuensis, and Scaevola frutescens. Metrosideros boninensis has typical bird-pollinated flowers, characterized by being large and red with a lot of nectar secretion. Bird visitors were Zosterops japonicus, Apalopteron familiare and Hypsipetes amaurotis. Visitation by bats has been previously recorded in Freycinetia boninensis, Livistona boninensis and Schima mertensiana, but the frequency of bat pollination may be low in the Ogasawara Islands as no bat pollination was observed in this survey. Various nocturnal visitors were observed, including moths and beetles in S. mertensiana (see Appendix).
Flowers in the forest understorey were not visited by dominant pollinators such as honeybees and solitary endemic small bees, but were visited by minor pollinators such as endemic carpenter bees, flies, moths and small beetles. The most common colour in the forest understorey (36 species) was white (17 species, 47Á2 %), but this association with flower habit was not significant (Table 5) because of the wide variety of colours: green (7 species), yellow (4 species) and violet (4 species).
Nectar volumes were recorded for 58 species, and maximum volumes ranged from 0Á00 to 16Á70 mL. Many flowers had a small nectar volume and 20 of these species (34Á5 %) produced no nectar. The only species that secreted more than 5 mL of nectar were Gardenia boninensis, Schima mertensiana and Metrosideros boninensis (Table 6 ). Endemic species with deep flowers were characterized by high flower longevity, but nectar volume varied widely, ranging from 16Á7 mL (Gardenia boninensis) to 0Á1 mL (Platanthera boninensis). However, examples with no nectar were also detected: Lysimachia rubida (flower depth = 11Á3 mm, N = 6; flower longevity = 4Á7 d, N = 10), Pittosporum boninense (depth = 10Á0 mm, N = 10; longevity = 2Á9 d, N = 21), P. beecheyi (depth = 13Á0 mm, N = 8; longevity = 4Á4 d, N = 29). Nectar theft (i.e. extracting nectar without pollinating) by honeybees was observed in Hibiscus glaber and Hedyotis grayi (Fig. 2R) , and theft by endemic carpenter bees was also seen, with the corollas of Vaccinium boninense being pierced (Fig. 2H ). Honeybees were the only visitors other than ants observed for the extrafloral nectaries on Hibiscus tiliaceus, Planchonella obovata and Ochrosia nakaiana.
DISCUSSION
Island syndrome
The species and generic composition of the native Ogasawara flora was characterized by plants with small flowers and subdued colours, as is the case on other oceanic islands (Carlquist, 1974; Webb and Kelly, 1993; Barrett, 1996; Bernardello et al., 2001 ). In addition, native visitors observed on satellite islands were solitary and small generalists except for the carpenter bee. Thus, the 'island syndrome' for pollination and floral traits was generally supported in the Ogasawara Islands. The proportion of dioecy (13 %) was lower than that of New Zealand (18 %, Lloyd, 1985) and La Reunion (15-20 %, Humeau et al., 2003) , but was similar to that of Hawaii (15 %, Sakai et al., 1995b) , Juan Fernández (9 %, Bernardello et al., 2001) , Guam (13 %, Stone, 1970) and Tonga (16 %, Yuncker, 1959) , and was higher than that of continental floras such as the British Isles (3 %, Clapham et al., 1962) , Portugal (2 %, Pires de Lima, 1947), the Carolinas (4 %, Conn et al., 1980) and California (3 %, Freeman et al., 1980) . Frequent visitation by small, solitary insects such as endemic small bees and flies on the satellite islands suggests a selective advantage for subdued colours and accessible structures rather than for showy colours and rich floral rewards. Among these generalist visitors, Hylaeus bees are expected to act as faithful and effective pollinators, based on pollen analysis from bees' nests in Australia (Paini and Roberts, 2005) .
Wind pollination is likely to offer advantages in an island environment that includes a relatively impoverished pollinator fauna and frequently intense winds (Whitehead, 1969; Carlquist, 1974; Barrett, 1996; Bernardello et al., 2001) . Thus, entomophilous flowers sometimes evolve into anemophilous flowers (Cox, 1991; Anderson et al., 2000) . However, the proportion of wind-pollinated species (25Á9 %) among the native Ogasawara flora seems to be lower than that of Juan Fernández (4 7 %, Bernardello et al., 2001) . Instead, the Ogasawara flora is dominated by entomophilous flowers that may have successfully colonized the islands by establishing interactions with several endemic small bees, flies and short-proboscis moths. Three entomophilous endemic genera (Callicarpa, Dendrocacalia and Wikstroemia) have evolved dioecy on the Ogasawara Islands (Kawakubo, 1990; Kato and Nagamasu, 1995; Sugawara et al., 2004) , which suggests the presence of a selection force in this environment of largely opportunistic pollination. The presence of a generalist pollinator fauna in the absence of social bees seems to be advantageous for the reproduction of dioecious plants with small and numerous flowers (Beach, 1981; Charlesworth, 1993) because of its opportunistic visitation and low discrimination ability between floral sexes. Associations between dioecy and a woody life form, white flowers and small flowers in a woody life form, and accessible flower shape and subdued flower colour were formed by the interactions of these generalist visitors with the native flora of the Ogasawara Islands.
Pollination niche
Although the Ogasawara flora exhibited the island syndrome characteristic of domination by small flowers with subdued colour and accessible shapes, unique pollination niches adapted to more specialized pollinators were recognized in some species. In addition to the three endemic Ficus species, birds, long-proboscis moths and carpenter bees were likely to associate with minority traits of flowers (vivid colour, large size and deep shape), which were exceptions to the island syndrome character.
In this study, 14Á4 % of observed plant species had no floral visitors. Thus, their potential pollinators must be hypothesized based on floral traits, the regional biota capable of pollinating these flowers and information from the literature. For example, moths may be the primary pollinators of Gardenia boninensis on the Ogasawara Islands because there are no birds with sufficiently long bills to reach the bottom of the long, narrow flower tubes of this species (tube diameter = 3Á1-3Á7 mm, N = 6). Other Gardenia species have moth-pollinated flowers that attract their pollinators by producing volatile linalool (Raguso and Pichersky, 1999) . Although the volatile chemicals of G. boninensis are still unclear, the strong fragrance of this flower also supports the syndrome of nocturnal pollination by moths. In addition to this species, Scutellaria longituba, Psychotria homalosperma and Calanthe hoshii were characterized by long, narrow-tubed, white flowers, and are probably pollinated by hawk-moths since there are such species in the insect fauna (Kato, 1991) .
Floral characteristics such as a tube or bell shape, a strong scent, white flowers and a long life span [seen in flowers such as Lysimachia rubida, Platanthera boninensis, Tarenna subsessilis, Vaccinium boninense (Fig. 2H) , and three Pittosporum species] are also typical of a moth-pollination syndrome, and in this study they were observed being visited by short-proboscis moths at night. Flowers shaped like a tube or a narrow bell, such as those of Elaeagnus rotundata and Wikstroemia pseudoretusa (Fig. 2I) , also limit access to rewards by visitors, and this suggests a niche that involves pollination by lepidopterans and endemic carpenter bees.
Endemic carpenter bees probably act as the primary pollinator for large and zygomorphic flowers in the Ogasawara pollination community. For example, the carpenter bee was observed to visit two endemic Melastoma (see Appendix). Pollen presentation in Melastoma and Solanum species is generally adapted to buzz pollination (Buchmann, 1983; Gross, 1993; Clausing and Renner, 2001 ). The presence of these genera in the native flora implies the existence of a narrow pollination niche that includes this endemic carpenter bee, even though its visitation was infrequent.
Visitation to endemic orchids was very rare and flower visitors were only observed in Eulophia toyoshimae ( Fig. 2C; beetles and ants) , Goodyera boninensis (honeybees), Malaxis hahajimensis (small bees and flies) and Platanthera boninensis (moths). Since honeybees usually do not visit dark environments (Kato, 1998; Rincon et al., 1999) , the pollinator composition of the forest floor tends to be unique (Herrera, 1997; Moore, 1997) . Because all orchids in the Ogasawara Islands inhabit the forest floor, the main pollinators are unlikely to be honeybees and endemic small bees, but rather carpenter bees, flies and nocturnal moths. Honeybee visitation on G. boninensis has been observed in exceptional circumstances after leaves were stripped from trees by a typhoon in a Bischofia javanica forest. Many orchids have adapted to specialist pollinators and tend to develop a specific pollination niche within the floral community (Paxton and Tengó, 2001; Schiestl et al., 2003; Gravendeel et al., 2004; Johnson and Brown, 2004) . A long floral life span (>7 d) of orchids suggests that pollination depends on infrequent pollinators in the Ogasawara Islands. The flowers of an understorey orchid, Platanthera boninensis have short spurs (16Á9 mm, N = 11) and were visited by small noctuid moths, which suggests that they are adapted for pollination by shortproboscis moths as found for other Platanthera species (Maad, 2000; Plepys et al., 2002) .
In this study, nocturnal pollination was mainly sought in the species that did not appear to receive any visitors during the day. Thus, it is likely that there are more nocturnally pollinated flowers than were detected here and that moths have played an important role as partners in adaptation with native Ogasawara flowers.
The results of this study confirm that the native flora and visitor fauna of the Ogasawara Islands show many of the characteristics of the 'island syndrome', including an adaptation for opportunistic pollinators as well as the presence of partially specialized pollination niches. However, introduced honeybees have invaded extensively into the pollination network on Chichi-jima and Hahajima Islands. Domination by introduced honeybees and a decline of native pollinators will change not only plant reproductive success but also the future pollinatormediated selection for native Ogasawara flowers. Table 2 . Families are according to Melchior (1964) . Rubus nakaii Stachyurus macrocarpus E C Rn S Mix U Be W Vl S 10 100 I F,(F),(M) S. macrocarpus var. prunifolius E C Rn S Mix U Be W -S 10 100 I Cucurbitaceae
Trichosanthes boninensis E C Rw V Mo O T W -M 10 10 I Myrtaceae
Metrosideros boninensis Gardenia boninensis Ajuga boninsimae Artemisia princeps 
